The ability of the H202-induced catalase of Salmonella typhimurium to induce cell-mediated immunity against S. typhimurium infection in mice was examined. When exponentially growing cells of S. typhimurium were treated with 20 ,uM H202, the cells resisted killing by 1 mM H202 and showed the induction of a new species of catalase in addition to the constitutively produced one. Two molecules of catalases in S. typhimurium were isolated from mutant strains: H202-induced catalase (catalase II, 320 kDa), from a regulatory gene-deficient oxyRI mutant, and constitutive catalase (catalase I, 350 kDa), from a katG gene-deleted mutant.
Studies on typhoid immunity have been most commonly conducted by using Salmonella typhimurium infection in mice as a model (6, 18) . It is generally accepted that host defense against systemic salmonellosis involves two types of immunity, namely, humoral and cell-mediated immunity (CMI) (1, 6, 18, 25, 30) . However, there are serious discrepancies in the individual roles of such immunities on host defense against systemic Salmonella infections (18), although the contribution of humoral immunity or CMI to protection reportedly varies among mouse strains (11) , i.e., while protection of inherently susceptible mice against S. typhimurium requires CMI, antibody is shown to protect inherently resistant mice but not inherently susceptible mice. Intensive CMI is induced by live avirulent Salmonella strains (25) , whereas humoral immunity is elicited by killed virulent cells or lipopolysaccharides (1, 10, 21) . With respect to CMI, a little understood aspect is the mechanism by which live bacteria induce stronger CMI than do killed bacteria.
On the other hand, when cells are subjected to environmental stress stimuli, a variety of stress proteins are released (26) . An elevated synthesis of these stress proteins of intracellular bacteria in host phagocytes would increase their availability for antigen recognition by the host immune system. In fact, an immune response to stress proteins is observed in infection with Mycobacterium species and some parasites (20, 33) .
Enteric bacteria synthesize several stress-induced enzymes, such as superoxide dismutase and catalase, that may protect bacterial cells from oxidative damage in phagocytes (13) . The resistance of S. typhimurium to killing by H202 when pretreated with a nonlethal level of H202 in vitro was * Corresponding author.
attributed to such enzymes induced in bacteria under stress (4) .
The present study was designed to determine the role of stress-induced catalase in CMI against S. typhimurium infection and to clarify the mechanism of induction of CMI against S. typhimurium infection in mice by using an H202-induced catalase (a stress protein). Among the 30 proteins in S. typhimurium induced by H202 (26) , catalase was selected because of its defined biological activity. We provide evidence that stress-induced catalase rather than the constitutive one induces an increased (to a certain extent) protection associated with the delayed-type hypersensitivity (DTH) response against S. typhimurium infection in mice.
MATERLILS AND METHODS
Bacterial strains and cultivation. A nalidixic acid-resistant virulent strain of S. typhimurium SH5170 obtained from T. Arai, Meiji College of Pharmacy, Tokyo, Japan, and a mildly virulent strain of LT2 were maintained by bimonthly transfers on brain heart infusion agar (Difco Laboratories, Detroit, Mich.) slants. For catalase induction, the organism was grown in the minimal medium broth described by Vogel and Bonner (32) containing 0.4% glucose as a carbon source (VBG broth). In other experiments, the bacteria were grown in brain heart infusion broth at 37°C for 18 h with shaking.
An oxyRl mutant, TA4100 (4) , and a katG gene deletion mutant, TA4113 (4, 26) , which were obtained from B. N. Ames, University of California, were used as sources of the H202-induced catalase and the constitutive one, respectively. They were cultured with Luria broth (4 (20 LD50) of S. typhimurium SH5170, by which control mice died on day 6 or 7. Protection was evaluated by bacterium counts in spleens at three different times after challenge and by percent survival and mean survival days of each of 10 mice during 3 weeks following the challenge (6) . The number of bacteria in the spleens (homogenized with a Teflon mortar and pestle) of the infected mice were determined on days 3, 5, and 7 after the challenge (6). Viable counts were made by plating the homogenates on nutrient agar (Difco) containing 50 ,ug of nalidixic acid per ml, the number of bacteria per spleen was determined, and the results were expressed as means + standard errors (SE) for three mice per point.
DTH assay. DTH was determined by footpad swelling by using alum-precipitated catalases as antigens (7) . Control and immunized mice were injected in the right hind footpad with 20 pul of alum-precipitated catalase containing 10 p.g of protein, and 20 p,l of PBS was injected into the left hind footpad as a control. The thicknesses of the right and left footpads were measured with dial-type calipers (H. Kroeplin GmbH, Schlechtern, Germany) 24 h after injection of the antigen, and the thickness of the PBS-injected footpad was subtracted from that of the catalase-injected footpad for each mouse. Results were expressed as the mean ± SE of the difference in footpad thickness for five mice per group.
Statistics. Statistical significance of the data was determined by Student's t test. A P value of less than 0.05 was considered significant.
RESULTS
Induction of catalase in S. typhimurium. When exponentially growing cells of S. typhimunum SH5170 in VBG broth were treated with 20 p.M H202 for 60 min, they were resistant to killing by 1 mM H202, in contrast to cells that had not been treated; viabilities of treated and untreated cells 60 min after the addition of 1 mM H202 to the cultures were 80 and 0.3%, respectively. The specific activity of catalase in H202-treated cells increased during the treatment, showing a fivefold-higher activity than that of the untreated cells (Table 1) . PAGE analysis of the catalase activity in the H202-treated and untreated cells of strain SH5170 showed a difference in the pattern of the molecular species of catalase in these cells. The major catalase activity in the H202-treated cells was detected as a faster-moving band in addition to a slower-moving band. In contrast, in the control cells, only a slower-moving band was detected ( Fig.   1A and B (4) . The katG mutant TA4113 was deleted for the entire region of the katG gene encoding H202-inducible catalase (4, 26) . Cells of TA4100 and TA4113 strains grown in Luria broth produced 94 and 70 U of catalase per A650, respectively, whereas strains SH5170 and LT2 produced 13 and 19 U of catalase perA650, respectively. Characteristics of catalase activity of these mutants were confirmed by PAGE analysis (Fig. 1C  and D) ; TA4100 produced a faster-moving catalase (catalase II), and TA4113 produced only a slower-moving one (catalase I). Catalase activity of supematants extracted from each strain of S. typhimurium grown in Luria broth for 18 h was precipitated with 35% ammonium sulfate, fractionated by DEAE-Sephacel column chromatography with gradient elution, and then applied on a Sephacryl S-300 column. After rechromatography on the above column, catalase in a higher-molecular-weight region than catalase II; the molecular masses of catalase I and catalase II were estimated to be approximately 350 and 320 kDa, respectively (Fig. 2) . The fractions of catalase I and catalase II were shown to be almost homogeneous by SDS-PAGE (Fig. 3) b Mice (n = 10) were observed for death during 3 weeks following challenge, and survival was expressed as the mean number of days ± SE.
c Not significant. (Table 3) . They also exhibited a marked decrease in the number of bacteria in comparison not only with untreated controls, but also with mice immunized with catalase I, although the bacterial populations markedly varied among mice at day 7 (Fig. 4) . On the other hand, mice immunized with catalase I that exhibited DTH to the antigen did not show protective immunity; all of them died within 8 days and exhibited nearly the same bacterial number in the spleens as did untreated controls at 5 days after infection (Table 3 ; Fig. 4 ). These results suggest 
DISCUSSION
The findings presented here demonstrate that purified stress-induced catalase (catalase II, 320 kDa) rather than constitutive catalase (catalase I, 350 kDa) induces an increased protection to S. typhimunum infection to a certain extent associated with a DTH response in mice.
The profiles of native PAGE for these catalases suggest that catalase I is related to hydroxyperoxidase III (HP-III) with a slower moving band and that catalase II is related to HP-I-II (catalase/peroxidase) with a faster-moving band in the strain of S. typhimurium LT2 reported on by Christman et al. (4) Typhoid fever continues to be a major public health concern in developing countries (9) , and several controlled field trials of newly developed vaccines have been made (15, 28) . A Vi-positive variant of S. typhi Ty2la was recently reported to be used for an improved live oral vaccine (8) . This finding together with the present results allows us to speculate that a conjugate of stress proteins, such as catalase II (HP-I-type catalase) of S. typhi, which is thought to be present in almost all members of the family Enterobacteriaceae (17) , with a Vi antigen may serve as a component vaccine for S. typhi infection both in inherently susceptible and in resistant populations (12) .
In general, our results suggest that stress proteins play a major role for the induction of CMI and that H202-induced catalase is one such effective antigen. Although heat shock proteins such as groEL are reportedly predominant in the immune response to infection with intracellular parasites (20, 33) , these proteins possess a highly conserved nature that may induce tolerance or an autoimmune reaction.
However, HP-I-type catalase (our catalase II) is revealed to be a very unusual catalase which shows no obvious homology to human catalase (17, 31) , suggesting that HP-I-type catalase is a candidate for a safe antigen for humans, at least as a carrier protein for the above-mentioned conjugate vaccine.
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